Abstract The paper presents the results of two full-scale applications of the anaerobic co-digestion process of waste activated sludge together with the organic fraction of municipal solid wastes. The experiences were carried out at Viareggio and Treviso wastewater treatment plants (Italy). In the first plant, 3 tons per day of source sorted OFMSW were co-digested with waste activated sludge, increasing the organic loading rate from 1.0 to 1.2 kgTVS/m 3 d. This determined a 50% increase in biogas production. At Treviso WWTP, which has been working for 2 years, some 10 tons per day of separately collected OFMSW are treated using a low-energy consumption sorting line, which allows the removal of 99% and 90% of metals and plastics respectively. In these conditions, the biogas yield increased from 3,500 up to 17,500 m 3 /month. Industrial costs were evaluated less than 50 e per ton of organic waste, while the payback time was calculated as two years.
Introduction
Anaerobic co-digestion can be considered the most promising way to give a proper disposal to the organic fraction of municipal solid waste (OFMSW) coming from source or separate collection systems. This approach is particularly interesting in Europe, where the EC regulations push towards the separate collection for MSW management: about 400,000 tons/year of OFMSW coming from source sorting or separate collection are produced in Europe . On the other hand, some 36,000 wastewater treatment plants (WWTPs) which adopt the anaerobic stabilisation of sewage or waste activated sludge are operating in the EU; these digesters are generally oversized due to the low sludge loadings originating from wastewater treatment and the removal of primary settlers to improve the biological nutrients removal processes (Bolzonella et al., 2002 (Bolzonella et al., , 2005 . This scenario suggests the implementation of the anaerobic co-digestion of waste activated sludge with other organic wastes in WWTPs, such as the OFMSW source sorted or separately collected. According to this approach, the recovery of some 112,000 electrical MWh and 180,000 thermal MWh per year could be achieved. Several researchers reported many interesting examples dealing with the application of this technique (Rintala et al., 1996; Edelmann et al., 2000; Stroot et al., 2001; Heo et al., 2003; Kim et al., 2003; Sosnowsky et al., 2003; Krupp et al., 2005) . In order to apply this strategy, WWTPs should be conveniently upgraded to treat these streams of material. The main modification is the adoption of a simple sorting line to 'clean' the OFMSW before the addition to the digester. This paper deals with two full-scale experiences concerning the anaerobic co-digestion of waste activated sludge (WAS) and OFMSW in the anaerobic digesters of two Italian WWTPs.
Experimental Viareggio WWTP
This plant treats the wastewaters coming from the municipality of Viareggio (Central Italy). The plant size is 100,000 PE. The train of unit operations for the sludge treatment consists of two pre-thickener (350 m 3 working volume each one) and the anaerobic digestion of the sludge, carried out in two digesters of 3,000 and 1,500 m 3 , respectively. Actually, only the first digester (3,000 m 3 ) is working. After the digestion, stabilised sludge is dewatered by a belt-press system to a final dry matter content of 20%. A demonstrative experience of mesophilic co-digestion was implemented by using a pilot-scale sorting line able to treat 3-5 tons per day of organic waste coming from source sorting collection (SS-OFMSW). The incoming OFMSW was roughly shredded, then iron and plastics were removed, and the residual organic fraction was sent to a second shredder and then to a mixer. This worked as a wet separator, in which the OFMSW was diluted with water to a final 6 -8% TS content to prepare the load to the digester and to separate some residual inert from the bottom of the mixer. The waste was then fed to the 3,000 m 3 digester together with the WAS produced in the plant.
Treviso WWTP
This plant adopts a BNR process (Johannesburg configuration) for the treatment of wastewaters produced by 70,000 PE. In this plant, also the OFMSW and septages produced in the city are treated. The design data of the plant are shown in Table 1 . The sludge treatment line considers a single-stage anaerobic digestion mesophilic reactor. Stabilised sludge is then mechanically dewatered.
The OFMSW from separate collection is treated in a full-scale treatment area (capacity up to 20 t/d w.w., Patent n. RN2004A000038RIF.BUGNION:I01.0036.12.IT.2). The organic wastes enter the plant with a dry matter concentration 25-30%; wastes are shredded, iron and ferrous materials are removed and the residual material is then screened in a trommel screen. Then a final shredding is performed to reduce the substrate size. The waste is then sent to a mixer/separator where the dry matter content is lowered to 7-8% and the floating (upper part) and inert (bottom) materials are withdrawn. From this point on, the blend can be treated in three different ways: a) direct mixing with waste activated sludge and feeding of the anaerobic digester; b) mesophilic pre-fermentation in complete stirred tank reactor (HRT ¼ 3-6 d, OLR 20 -60 KgTVS/m 3 d) and mixing with the waste activated sludge; c) pre-fermentation and phase separation by screw-press, addition of the liquid fraction in the denitrification section of the wastewater treatment plant and mixing of the solid fraction with waste activated sludge. Depending on the chosen pathway, nutrients removal or energy recovery are alternatively enhanced.
Results and discussion
Viareggio WWTP
The characteristics of the two substrates (WAS and SS-OFMSW) fed to the digester during the tests performed in Viareggio plant are shown in Table 2 . With specific reference to experimental data reported in the table, both substrates presented good characteristics for the application of the co-digestion process in terms of total solids (TS) and total volatile solids (TVS) content. Also, the content of nutrients turned out well balanced for a balanced digestion. The characteristics of the substrate collected were clearly improved by the the treatment in the sorting line, which allowed for reaching a final content of organic matter of 89% (see data reported in Table 3 ). The reject material was some 22% of the total input. The good characteristics of substrates fed to the anaerobic digester determined the good performances of the process, as shown in Table 4 , which compares the digester yields for the treatment of the sludge alone and for the codigestion of waste activated sludge together with the pre-treated organic wastes. Table 4 ). Furthermore, the process monitoring during three months of experimentation allowed us to observe a progressive evolution of the stability parameters: as an example, digester alkalinity (Figure 1 ) required more than 1 HRT to achieve a stable situation. Also biogas characteristics improved, as shown in Figure 2 , where CH 4 percentage is represented, but very quickly in respect to the stability parameters. According to collected data, better performances are expected for increasing loading rates: on the basis of these preliminary results the process will be implemented in the next future at full scale on the basis of a loading capacity of some 30-50 tons per day of SS-OFMSW coming from the city.
Treviso WWTP
Here the co-digestion process was applied at full scale. The OFMSW pretreatment was more effective and gave better results in terms of inerts removal even though the quality of the OFMSW collected was not very high, as shown from data reported in Table 5 (low TVS and COD content). In particular, large amount of plastics and inert were present; thus the rejected material from the sorting line was high. A complete analysis of the performance of the sorting section was carried out over a two years, span: 99% of metals and 90% of inert and plastics were removed. Figure 3 shows that the total rejection was some 40% of the treated material due to the initial characteristics of the waste. However, thanks to the adopted process, the organic fraction (putrescible þ paper) of the treated waste passed from 75% to 95%. Furthermore, the TVS fraction represented 90% of the total solids in the material effluent from the sorting line. This material was mixed together with the waste activated sludge coming from the wastewater treatment line and then fed to the digester. The sludge/OFMSW ratio in the digester feed ranged between 2 tons of OFMSW on 100 m 3 of sludge and 10 tons of OFMSW on 80 m 3 of sludge. The data presented here deal with an average feeding of 8-9 tons of OFMSW and 80-90 m 3 of WAS per day over a period of some 100 days (4 HRTs of the anaerobic reactor). The operational conditions and yields of the process in this situation are summarized in Table 6 . The addition of the OFMSW allowed for a considerable increase of the digester yields: the GPR passed from 0. /kgTVSd thanks to the increased biodegradability of the fed mixture. On a monthly basis, the gas production increased from 3,500 to 17,500 m 3 of biogas, a result that has completely changed the energetic balance of the anaerobic digestion section at Treviso WWTP. As for the process stability, pH remained in the normal operational ranges, as well as VFAs that were always below a concentration of 100 mg/l (as COD). Total alkalinity remained constant passing to the co-digestion option, some 3,000 mgCaCO 3 /l, even though, also in this case, a progressive increase of this parameter was observed (Bolzonella et al., 2003) . Therefore, a further improvement in the digester performances is expected. The results collected showed how the process is feasible and affordable, especially when the OLR applied to the anaerobic digester is not very high. In the past several other tests were carried out using these substrates, mainly at pilot scale, applying operational conditions which were more stressing for the process. In Cecchi et al. (1988) Figure 3 Mass balance of the sorting line of Treviso WWTP (basis 1,000 kg of waste, wet weight) range between 1.7-3.7 kgTVS/m 3 d was investigated, using as digester feed mixed sludge and SS-OFMSW at HRT ¼ 15 days. A linear increase of the SGP was found, but when the OLR applied reached values of some 4 kgTVS/m 3 d the performances of the process decreased. This limit can be improved when less "selected" OFMSW was used, such as the mechanically selected OFMSW: an OLR of 5-6 kgTVS/m 3 d was successfully applied without important decrease in biogas production rate. Other authors pushed this limit up to 6.4 kgTVS/ m 3 d for SS-OFMSW (Di Palma et al., 1999) , but these results were obtained at bench scale. Digestion of SS-OFMSW alone was also investigated by Pavan et al. (2000) , in a study devoted to yields of a thermophilic process changing the biodegradability rate of the fed material. Also in that case, an OLR of 6 kgTVS/m of OFMSW treated (OLR OFMSW ¼ 0.32 vs 0.19 kgTVS/m 3 d) and also to a higher rate of selection due to the effective sorting line adopted in Treviso WWTP (full-scale application). Finally, the longer acclimation time of the digester in Treviso, which has been working in co-digestion configuration since more than 2 years, has probably played a positive role. 
Economic considerations
An economical analysis was carried out on the basis of data collected at Treviso WWTP (full scale and two years of operation). In particular, the plant was considered as formed by five homogeneous sections: the wastewater line, the sludge line, the OFMSW pre-treatment area, the struvite crystallization area (Battistoni et al., 1998) and the septage pre-treatment area. For each section the following costs have been considered: personnel, energy consumption, routine and non-routine maintenance, and, where needed, sludge disposal, grit disposal and non-digestible materials disposal. For each category the amount of the costs was determined considering the plant consumptions, the mass balance evaluation (also considering the increase of sludge production due to the OFMSW treatment), the disposal costs. Incomes from biogas were considered only partially in costs evaluation as a co-generation unit is still missing in the plant (the implementation of this unit is foreseen by the end of 2005) and no benefits from the energy selling was obtained. So, the income that can be considered at the moment for the overall specific cost evaluation is only the one deriving from the spare of the fuel used for digester heating, without any consideration about the part of biogas actually burnt in the emergency flare, which was prevailing during summer months. At the same time, the income from energy selling is considered when the payback time is calculated. Main costs used as basis for the computations are reported in Table 7 . A first information coming from the economic evaluation came from the cost fractionation by the single sections, as represented in Figure 4 . Major part of the costs comes from the wastewater treatment line because of the oversized system for oxygen supply. Thus, energy costs increase for this section. As for the costs of the OFMSW pre-treatment area, it can be seen that they represent only 14% of total costs. An increase in the quality of the treated material leads to a decrease of maintenance and disposal costs. Additional information came from the cost fractionation inside the OFMSW pre-treatment area, as reported in Figure 5 . As can be seen, the energy costs represent a minor problem in this part (7%): the main costs are represented by the disposal of sludge and refuses (48%). In particular, the refuses amount (23%) can be reduced if a better selection Figure 4 Cost fractionation in the whole plant D. Bolzonella et al. 209 strategy is carried out by the municipality. Personnel costs represent the third major fraction in this context: an improvement of this aspect is also linked to the improvement of the substrate. In fact, the main reason for time losses is the stop of some part of the line due to the inlet of non-digestible materials (i.e. bulky wastes, cans, cutlery, pieces of carpets, etc.). A second important result concerns the specific waste disposal cost coming from this approach. A complete evaluation was made considering different capacities for the OFMSW treatment tested in the plant during these years. Figure 6 represents the specific cost evaluation for each situation. It is possible to observe that, when the treatment capacity of 50 tons/week was reached, the disposal costs were some 50 Euros per treated ton. These are consistent with those found in other studies carried out in Germany (Krupp et al., 2005) . A final remark concerns the investment cost: for Treviso WWTP the electromechanical costs of the sorting line, an actualised investment, are some 750,000 Euros. Considering cost of money of 2% per year and an industrial treatment cost of 50 Euros/ton (Figure 6 ), 300 working days/year and the computation basis reported in Table 7 , a pay-back time of 3.5 years can be estimated for this plant capacity (20 tons/day).
Conclusions
Considering the results reported in the paper the following conclusions can be summarised. The co-digestion process can be successfully implemented in existing WWTPs to improve the digester performances, thus the energetic balances. Pilot scale and full scale experiences carried out showed good performances of the anaerobic co-digestion process also at low OLRs. Observed specific biogas production was up to 0.43 m 3 /kgTVS when applying an OLR of 0.78 kgTVS/m 3 d. Stability parameters maintained constant, but time needed to reach really stable conditions was larger than 1 single HRT in the anaerobic digester. On the basis of results collected in Treviso WWTP, industrial costs for the implementation of the co-digestion process are some 50 Euros/ton of waste treated when treating more than 50 tons of waste per week, without considering energy income from co-generation of heat and power. Considering depreciation, energy recovery and the investment costs, a pay-back time of 3.5 years was calculated for the implementation of the co-digestion process in these wastewater treatment plants.
